In honeybees, worker policing via egg eating enforces functional worker sterility in colonies with a queen and brood. It is thought that queens mark their eggs with a chemical signal, indicating that their eggs are queen-laid. Worker-laid eggs lack this signal and are, therefore, eaten by policing workers. Anarchistic worker honeybees have been hypothesized to circumvent worker policing by mimicking the queen egg-marking signal. We investigated this phenomenon by relating chemical profiles of workers and their eggs to egg acceptability. We found that the ability of some workers (anarchistic workers in queenright colonies and deviant workers from a queenless colony) to lay more acceptable eggs is due to them producing significant amounts of queen-like esters from their Dufour's gland. These esters appear to be transferred to eggs during laying and increase egg survival. However, these esters cannot be the normal queen egg-marking signal, as they are generally absent from queen-laid eggs and only increase the short-term persistence of worker-laid eggs, because only 7-30% of anarchistic worker-laid eggs persisted to hatching versus 91-92% of queen-laid eggs. All workers can produce some esters, but only workers that greatly increase their ester production lay more acceptable eggs. The production of esters appears to be a flexible response, as anarchistic workers reared in queenless colonies did not increase their ester production, while some deviant workers in queenless colonies did increase their ester production.
R eproductive division of labor is a central feature of all social insects; that is, the queen monopolizes egg-laying, and workers refrain from, are coerced not to, or have lost the ability to reproduce. In honeybees (Apis mellifera), workers have functional ovaries, but in the presence of the queen, i.e., in a 'queenright' colony, the ovaries are inactive in ;99.9-99.99% of workers (Ratnieks, 1995) , and the queen dominates the egg production. However, if the queen is removed or lost from a queenright colony and the workers fail to rear a new queen, the colony becomes 'queenless.' In queenless colonies 5-24% of the workers activate their ovaries and lay unfertilized eggs that develop into males (drones) (Miller and Ratnieks, 2001) .
A consequence of the haplodiploid sex determinism is that workers are more related to their own sons (0.5) than to the queen's sons (0.25). This can cause conflict within the colony between the queen and workers over male production, as there is a strong incentive for workers to lay their own eggs. Male production in a queenright honeybee colony accounts for 3-10% (Seeley, 1985) of total brood production by the queen, while the small (0.1%) worker population with developed ovaries (Ratnieks, 1993) accounts for about 7% of the male eggs produced (Visscher, 1996) . However, only one adult male in 1000 is a worker's son (Visscher, 1989) . This low survival of workers' sons is the result of worker policing (Ratnieks, 1988) , where workers detect and kill worker-laid eggs Ratnieks and Visscher, 1989) . The lack of physical differences between surface structure of queen-laid and worker-laid eggs (Katzav-Gozansky et al., 2003b) and the intricate chemical communication system used by honeybees (Free, 1987) both suggest that egg recognition is chemically based. Worker policing in the honeybee is one of the best examples of social control overcoming individual selfishness (Ridley, 1997) .
Worker policing can be quantified by placing worker-laid eggs from a queenless colony along with some control queenlaid eggs taken from an unrelated colony into a queenright discriminator colony. Normal worker-laid eggs are invariably removed within 2 h, whereas 90-95% of control queen-laid eggs remain after 2 h (Martin et al., 2002a,b) .
Occasionally queenright honeybee colonies occur where most males are worker-rather than queen-derived (Châline et al., 2002; Montague and Oldroyd, 1998; Oldroyd et al., 1994) . These colonies were dubbed 'anarchistic' (Oldroyd et al., 1994) because they represented colonies that were not well policed. Workers in anarchistic colonies are able to lay eggs that evade the normal policing mechanisms, which result in large numbers of workers' sons being reared. Oldroyd and Ratnieks (2000) hypothesized that evasion is mediated by the ability of anarchistic workers to mimic the queen egg-marking signal.
As anarchistic colonies are very rare in nature, probably less than one per thousand , most research on the anarchistic traits has been conducted on a line of anarchistic honeybees maintained through instrumental insemination at the University of Sydney (Oldroyd and Osborne, 1999) . In queenright colonies of this line, up to 18% of workers at any one time will have activated ovaries ), but here we refer to any workers of this strain as 'anarchistic,' i.e., it describes the genotype not the phenotype.
When anarchistic worker-laid eggs are transferred into a non-anarchistic colony, along with queen-laid eggs and worker-laid eggs taken from a queenless colony, the survival rate of the anarchistic worker-laid eggs is midway between that of queen-laid and worker-laid eggs (Beekman and Oldroyd, 2003; Oldroyd and Ratnieks, 2000) . However, anarchistic workers reared in a queenless colony lay eggs that have a survival rate only slightly above that of wild-type workers reared in queenless colonies (Beekman and Oldroyd, 2003) . This suggests that only anarchistic worker-laid eggs from queenright colonies have an increased acceptability.
The aim of this study was to investigate how queenright anarchist workers produce eggs that are more acceptable than those laid by queenless wild-type workers. To achieve this we used four lines of investigation. First, we studied the long-term persistence of anarchistic worker-laid eggs versus queen-laid eggs, as previous comparative bioassays have only been carried out over a 24-h or shorter period (Beekman and Oldroyd, 2003; Oldroyd and Ratnieks, 2000) . This will give an indication of how queen-like the anarchistic worker-laid eggs are, because the viability of worker-laid and queen-laid eggs are similar (Ratnieks and Visscher, 1989) , so any differences in persistence will be the result of egg removal. Second, we studied the differences in Dufour's gland secretions, which may be the source of a queen egg-marking pheromone (Ratnieks, 1995) , associated with ovary activation in anarchistic and wild-type workers reared in queenright and queenless colonies. Third, we investigated the differences in the surface chemicals found on eggs laid by queens, anarchistic, and wildtype workers. Finally, we studied wild-type workers from a queenless colony, which were also capable of laying more acceptable eggs than usual. We used workers from this colony to directly link chemical changes in the Dufour's gland secretion to changes in egg acceptability.
MATERIALS AND METHODS

Colony composition and locations
All anarchistic colonies were from the anarchistic line that is maintained at the University of Sydney by inseminating daughters of queens from anarchistic colonies with the semen from sons of anarchistic workers (Oldroyd and Osborne, 1999) . In addition to anarchistic colonies studied/sampled in Sydney, three anarchistic colonies were established in the United Kingdom by importing anarchistic queens from Sydney, introducing them in wild-type colonies, and waiting 6-8 weeks until all the wild-type workers were replaced by those from the anarchistic queen. Wild-type colonies were standard European strains of A. mellifera. Standard egg removal bioassays (Martin et al., 2002b; Ratnieks and Visscher, 1989) established that the survival of anarchistic worker-laid eggs from the queenright colonies established in the United Kingdom were similar (unpublished data) to that previously found (Beekman and Oldroyd 2003; Oldroyd and Ratnieks, 2000) , that is, between that of queen-laid and wild-type worker-laid eggs.
Experiment 1: long-term persistence of queen-laid versus anarchistic worker-laid eggs In August 2002, five similar-sized colonies established in Sheffield were used to obtain combs containing 0-12 hour-old eggs laid by one of two wild-type queens or anarchistic workers from the three anarchistic colonies. These were obtained by enclosing a wild-type queen on a comb of worker cells using a 'comb cage' or by placing a comb of drone cells above a 'queen excluder' in a queenright anarchistic colony. The structure of the comb cage and queen excluder allows the free movement of workers but not the larger queen, restricting the queens' movements to a single comb (cage) or lower part of the colony (excluder). After 12 h the combs were removed and the position of each egg marked on an acetate sheet laid over the comb. The combs were then returned to the same colonies above a queen excluder, between frames of eggs and young brood to ensure that test combs were part of the natural brood area and covered with large numbers of workers.
The test combs were removed after 1, 2, 3, and 4 days and examined with reference to the acetate sheets to determine the number of original eggs still present. Any eggs not hatching within five days were classified as non-viable.
Experiment 2: ovary activation and analysis of Dufour's gland secretions During 2001, ;1000 wild-type workers and ;1000 anarchistic workers were reared in their natal queenright colonies in Sydney. Prior to pupal emergence, brood combs were placed in an incubator and newly emerged workers were paintmarked on the thorax. Then, ;500 marked wild-type and ;500 marked anarchistic workers were placed either back into their queenright colonies or into a wild-type queenless colony. Fourteen days later the marked workers were collected, frozen in dry ice, and transported to Sheffield. From each group, 100-300 individuals were dissected to obtain individuals with fully activated ovaries (containing a series of clearly defined oocytes) or non-activated ovaries (thread-like ovarioles). Workers showing intermediate levels of ovary activation were recorded but were not analyzed chemically. From a subset of each group the Dufour's gland and later setose membrane were dissected by removing the sting apparatus with blunt forceps. The Dufour's gland was removed by severing it at its base using fine forceps. The setose membrane, an area of cuticle covered in dense hairs lying over the sting bulb, was removed using fine forceps. These were placed separately into small soft glass tubes, flamesealed and frozen. These samples were analyzed by crushing them inside the injector port of a GC-MS (gas chromatography-mass spectrometry) machine using a 'Keele-injector' (Morgan, 1990) . Initially, only Dufour's glands were analyzed, but as the study progressed the setose membranes were analyzed, as these provided a more reliable measure of the chemical state of the workers, because the chemicals secreted by the Dufour's gland accumulate on the setose membrane (Martin SJ and Jones GR, personal observations). The Dufour's gland and setose membranes of both virgin and egg-laying queens were also dissected and analyzed as for the workers to act as a comparison.
Experiment 3: differences in egg surface chemistry Eggs were analyzed from three queenright wild-type, three queenright anarchistic, and three queenless wild-type colonies established in Sheffield. Pooled egg samples were obtained by placing 100 queen-laid, worker-laid (queenless colony), or anarchistic worker-laid (queenright colony) eggs into 100 ll of hexane for 30 min. The solvent was then evaporated under nitrogen to ;2 ll before injection into a GC-MS machine for analysis. Individual eggs were also collected from the same colonies by placing them separately into small soft glass tubes, and they were analyzed in the same way as the Dufour's glands. To reduce the pseudo-replication caused by taking more than one sample of eggs from a colony, several weeks elapsed between sampling. In June 2002, a queenless wild-type colony (F4) at Sheffield was found producing eggs that had unusually high survival when transferred to queenright discriminator colonies. As the level of egg-laying by workers in this colony was very high, we were able to remove a drone comb from the colony, observe a worker laying an egg, and then retrieve both the egg for use in a policing bioassay and the worker that laid the egg for chemical assay. In addition, we determined the chemical profile of a small number of randomly sampled individual eggs with any eggs that survived 20 h in the bioassay. This allowed us to compare the chemistry of F4 workers and the acceptability of their eggs at the level of individuals, rather than at the group level (e.g., worker-laid eggs vs. queen-laid eggs).
Chemical and statistical analyses
We investigated three chemical groups known to be associated with the tip of the abdomen of both egg-laying workers and queens (Katzav-Gozansky et al., 1997; Martin et al., 2002b) . These are the ubiquitous hydrocarbons, both alkanes and alkenes (which act as an anti-desiccation barriers); the esters produced by the Dufour's gland act as a queen signal and cause retinue behavior in workers (Katzav-Gozansky et al., 2003a)(for details of 10þ esters involved see Katzav-Gozansky et al., 2003a; Martin et al., 2002b ) and the long-chain alcohol, eicosenol which is part of the worker alarm pheromone (Pickett et al., 1982) . GC-MS analyses were performed in a splitless mode on a 5890 Hewlett Packard GC coupled with a 5970 quadruple MS (70eV electron impact ionization). A 15 m 3 0.25 mm ID column with a 0.25 lm thickness bonded BP5 stationary phase (SGE) was used. The GC oven was programmed with an initial temperature of 170 C to 260 C with a ramp rate of 10 C/min, then with a ramp rate of 20 C/min to a final temperature of 325 C, which was held for 2 min. The injection port and transfer line were held at 250 C and 300 C, respectively. The carrier gas was helium at 1 ml/min. All compounds were identified by comparison of retention times and mass spectra with synthetic standards held at Keele University. The peak area of each compound was calculated for each sample and then normalized by calculating the percentage abundance for that sample. The total percentages for each of the three chemical groups were then averaged and the standard deviation calculated for each set of samples. The normalized proportions were Arcsine transformed prior to any statistical analysis in order to satisfy the assumptions of homogeneity of variance and normality of residues. All ANOVAs were accompanied by post-hoc pairwise comparisons using the Tukey HSD test. Ideally, in experiment 2 an ANOVA using differences between types of workers (anarchistic vs. wild type), colony state (queenright vs. queenless), and ovary activation would have been performed. However, the extreme rarity of wild-type workers in queenright colonies caused an unbalanced design. Therefore, we conducted two ANOVAs, one comparing workers without ovary activation and the other comparing workers with ovary activation.
RESULTS
Experiment 1: long-term persistence of queen-laid versus anarchistic worker-laid eggs
The survival of 1206 queen-laid eggs in two colonies and 2222 anarchistic worker-laid eggs in three colonies were measured (Table 1) . We found that 91-92% of the queen-laid eggs persisted long enough to hatch versus only 7-30% of the anarchistic worker-laid eggs.
Experiment 2: ovary activation and analysis of Dufour's gland secretions in workers
We dissected 419 anarchistic (316 from queenright and 103 from queenless colonies), 325 wild-type workers (171 from queenright and 154 from queenless colonies), and eight wildtype queens ( Table 2) . As expected , the level of ovary activation was greater in anarchistic workers than in wild-type workers and greater in queenless colonies than in queenright colonies (Table 2 ). Chemical analysis of 57 anarchistic (24 from queenright and 33 from queenless colonies) and 38 wild-type workers (12 from queenright and 26 from queenless colonies) revealed that all individuals, irrespective of ovary activation or queen status of the colony in which they had been reared, had predominantly C21-C33 hydrocarbons in their Dufour's glands and on their setose membranes (Table 2 ). In non-laying anarchistic (n ¼ 21) and wild-type (n ¼ 28) workers, from both queenless and queenright colonies, the only other compound present in high amounts was eicosenol. The esters normally present in the queen's Dufour's gland were present only in trace amounts (,0.7%) in all four groups of nonlaying worker bees (Table 2) . Although there was a marginally significant difference in the ester levels among the groups of non-laying workers (ANOVA, F ¼ 3.1, df ¼ 3,37, p ¼ .04), no significant differences (p . .05, Tukey HSD test) between any of the groups could be found. However, there was a highly significant difference (ANOVA, F ¼ 46.9, df ¼ 2,34, p , .0001) in the proportion of esters present in the groups of workers with activated ovaries. The anarchistic workers from the queenright colony had a significantly higher proportion of esters (p , .01, Tukey HSD test) than either anarchistic or wild-type workers from queenless colonies ( Table 2) . This corresponds well with the finding that only laying anarchistic workers in queenright colonies can lay acceptable eggs. This appears to be associated with ester production from the Dufour's gland, which is normally only a characteristic of queens, whether they are egg-laying or not (Table 2) .
Experiment 3: differences in egg surface chemistry
The proportion of esters were significantly different (ANOVA, F ¼ 5.67, df ¼ 2,12, p ¼ .018) between the three pooled egg samples, with the amount on the anarchistic worker-laid eggs (queenright colonies) significantly higher (p , .05, Tukey HSD test) than present on both wild-type queen-laid or wildtype worker-laid (queenless colony) eggs (Table 3 ). The ester proportions on wild-type queen-laid and worker-laid (queenless colony) eggs were not significantly different (p . .05, Tukey HSD test)( Table 3) . The number of eggs studied (n) in each colony is also given.
When individual eggs were analyzed, there was again a significant difference in ester proportions between the four groups (ANOVA, F ¼ 13.94, df ¼ 3,32, p , 00001). No significant difference (p . .05, Tukey HSD test) was found between the ester proportions on wild-type queen-laid and wild-type worker-laid (queenless colony) eggs, or between anarchistic worker-laid (queenright colonies) and F4 workerlaid (queenless colony) eggs. However, the anarchistic workerlaid eggs (queenright colonies) and F4 worker-laid eggs had significantly higher proportions of esters (p , .01, Tukey HSD Test) than the wild-type queen-laid or wild-type worker-laid (queenless colony) eggs. In all groups the range of ester proportions on eggs showed considerable variation (Figure 1 ).
Experiment 4: egg survival and chemical analysis of F4 workers
From colony F4 we measured the survival of 16 newly laid eggs and the ester levels on the setose membranes of the corresponding 16 F4 workers that laid them. This revealed a positive relationship between the proportion of esters on the worker's setose membrane and the survival of her egg ( Figure  2 ). F4 workers whose eggs were removed rapidly, i.e., before the 2 h check, had significantly lower (t test, t ¼ 4.2, df ¼ 13, p , .001) ester levels than workers whose eggs were removed after the 2 h and before the 20 h check. Only one egg survived 20 h, and the proportion of esters on its surface was the highest level seen in this experiment (Figure 1 ). This egg was laid by an F4 worker with the corresponding ester level of 55% on the setose membrane, which is high relative to the other laying workers (Figure 2 ). Three F4 workers produced no esters, and their eggs were removed rapidly, whereas the eggs laid by F4 workers producing higher proportions of esters had an increased, but not guaranteed, chance of survival.
DISCUSSION
Our results show that anarchistic workers in queenright colonies and rare queenless wild-type workers (F4 colony) can increase survival of their eggs by greatly increasing ester (0.7 6 1.0) (2.7 6 3.6) (0.6 6 0.5) (0.8 6 1.5) (25.4 6 6.8) (27.9) % Eicosenol 37.2 6 4.3 0 44.8 6 5.0 25.7 6 14.9 58.9 6 6.0 53.9 6 6.4 0 (26.0 6 21.0) (6.7 6 8.0) (35.5 6 20.8) (36.9 6 13.1) (0) Beekman and Oldroyd (2003) . The mean percentage 6 SD are given for each chemical group found either on the setose membrane or in the Dufour's gland. production from their Dufour's glands, some of which gets transferred to their eggs. The levels of esters on the egg surface of anarchistic workers from queenright colonies and F4 workers were far higher than that found on queen-laid or worker-laid eggs in a random sample of eggs from queenless wild-type colonies other than F4. This corresponds with the greatly increased levels of esters found in the Dufour's gland or on the setose membrane in the F4 workers and anarchistic workers from the queenright colony. Increased egg acceptance can also result from the application of esters to wild-type worker-laid eggs either via extracts of a queen's Dufour's gland (Martin et al., 2002b; Ratnieks, 1995) or by using individual or mixtures of synthesized esters (Martin et al., 2002b) . However, since all egg-laying workers can produce some esters (this study and Katzav-Gozansky et al., 1997), it is not just the simple ability to produce queen-like esters per se that increases egg survival (Martin et al., 2002b) , but also the production of greatly increased amounts of esters. The reduced ester levels in the anarchistic workers reared in a queenless colony explains why their eggs are only slightly more acceptable than wild-type worker-laid eggs (Beekman and Oldroyd, 2003) . There is no clear relationship between the colony state (queenless vs. queenright) and laying more acceptable eggs, because workers from both queenless (F4 workers) and queenright (anarchistic workers) colonies had high ester levels while others from queenless (wild-type and anarchistic workers) colonies have a much lower ester production (but see Beekman and Oldroyd, 2003) .
Although we have demonstrated a close relationship between ester production by workers and initial egg acceptance, we emphasize that esters are not the signal by which worker honeybees normally discriminate between queen-laid and worker-laid eggs. Despite queens having high proportions of esters in their Dufour's glands (Table 1 ; Katzav-Gozansky et al., 1997; Martin et al., 2002b) , these esters are absent or present only in low amounts on queen-laid eggs (Table 2 and Figure 1 ). The reason queen-laid eggs and anarchistic/F4 worker-laid eggs have such different ester levels may be the result of the rate at which the two castes lay eggs, which in queens can be 100 to 1000 times greater than that of a worker. In addition, the bursa copulatrix is poorly developed in workers, resulting in slower egg-laying (10 s in a queen vs. 60þ s in a worker; Page and Erickson, 1988; Perepelova, 1928) with eggs often sticking to the worker sting area during oviposition. This does not occur with queens (S.J.M., personal observations). Thus, the chance of an egg being coated with products of the Dufour's gland during oviposition is much greater in a worker than in a queen.
It appears that the increased acceptability of anarchisticand F4 worker-laid eggs results from the application of esters during laying and not from mimicking a queen egg-marking signal. These esters, to which workers are attracted (KatzavGozansky et al., 2003a) , might somehow disguise the true identity of worker-laid eggs, making them more acceptable to workers. Because of the wide variation in ester levels found on anarchistic eggs (Figure 1) , despite all anarchistic workers from queenright colonies producing high proportions of esters (Table 1) , the variable amounts of esters on anarchistic worker-laid eggs may explain why a high proportion them (70-93%) are removed during development. Despite this, the acceptability of eggs laid by anarchistic workers is still far greater than that of wild-type workers, and this, coupled with high levels of worker egg production and reduced policing (Oldroyd and Ratnieks, 2000) , is sufficient to produce the very high proportion of worker-derived male brood found in anarchistic colonies (Châline et al., 2002; Montague and Oldroyd, 1998) .
These results support Katzav-Gozansky et al.'s (2002) idea that a worker's Dufour's gland cannot produce an eggmarking pheromone but may under certain conditions produce queen-like esters. The effect of esters on policing workers is unclear, but what is certain is that if mimicry is taking place it is not a duplication of the queen's signal.
Figure 1
Natural variation in the ester levels relative to all hydrocarbons, esters, and eicosenol detected on the surface of individual eggs laid by wild-type queens, wild-type workers, anarchistic workers, and F4 workers. An asterisk (*) indicates the egg that survived 20 h in the bioassay.
Figure 2
The relationship between amount of ester on the setose membrane of egg-laying F4 workers and the time their eggs survive in an unrelated queenright discriminator colony, as determined by checking for the presence or absence of the eggs at 2 h and 20 h.
